Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer among men in the developed world. There is a need, for both clinical and scientific reasons, to find markers to identify patients with aggressive disease as early as possible, and to understand the events leading to malignant transformation and susceptibility to metastasis. We report the first largescale gene expression analysis of a unique HNSCC location, the hypopharynx. Four normal and 34 tumour samples were analysed with 12 600 gene microarrays. Clusters of differentially expressed genes were identified in the chromosomal regions 3q27.3, 17q21.2-q21.31, 7q11.22-q22.1 and 11q13.1-q13.3, which, interestingly, have already been identified by comparative genomic hybridization (CGH) as major regions of gene amplification. We showed that six overexpressed genes (EIF4G1, DVL3, EPHB4, MCM7, BRMS1 and SART1) located in these regions are indeed amplified. We report 119 genes that are highly differentially expressed between 'early' tumours and normal samples. Of these, we validated by quantitative PCR six novel poorly characterized genes. These genes are potential new markers of HNSCC. Comparing patients with relatively nonaggressive and aggressive tumours (without or with clinical evidence of metastasis 3 years after surgery), we identified 164 differentially expressed genes potentially involved in the acquisition of metastatic potential. This study contributes to the understanding of HNSCC, staging patients into prognostic groups and identifying high-risk patients who may benefit from more aggressive treatment.
Introduction
Head and neck squamous cell carcinoma (HNSCC), which affects the oral cavity, the oropharynx, the larynx and the hypopharynx, is the sixth most common cancer among men in the developed world. Well-known risk factors include tobacco and alcohol. Over the last decades, diagnosis and management have improved, but not long-term survival rates. The prognosis of HNSCC is influenced by many factors, such as TNM staging and pathological grading of differentiation. However, since these factors are not sufficient to evaluate outcome, there is a need to identify molecular biomarkers that will help to stage patients in prognostic groups and to identify high-risk patients who may benefit from different treatments. Some genes have been suggested to be potential prognostic markers in HNSCC (Quon et al., 2001) . However, molecular markers do not yet contribute to the clinical decisionmaking process.
Cancer appears to result from the progressive accumulation of genetic aberrations. Amplified chromosomal regions may contain dominant oncogenes, whereas deleted regions may harbour tumour suppressor genes. HNSCC is frequently associated with specific chromosomal aberrations, including amplification of 3q, 8q, 9q, 20q, 7p, 11q13 and 5p, and deletion of 3p, 9p, 21q, 5q, 13q, 18q and 8p (Gollin, 2001) . mRNA expression levels often reflect these changes. However, the deregulation of gene expression in cancer is more complex than a simple relationship between genomic aberration and gene expression (Platzer et al., 2002; Pollack et al., 2002) .
Expression-array profiling has recently been used to distinguish between cancer subtypes (Golub et al., 1999) and stages of progression (Bittner et al., 2000) . The capacity of tumour cells to metastasize could be acquired early in tumorigenesis (Bernards and Weinberg, 2002) , and patterns of gene expression can predict the metastatic outcome of patients with breast (van't Veer et al., 2002) and prostate cancer. Microarray analysis of gene expression has been reported for HNSCC (Leethanakul et al., 2000; Alevizos et al., 2001; Al Moustafa et al., 2002; El-Naggar et al., 2002; Mendez et al., 2002 ), but did not concern well-defined stages of tumour evolution in a precise head and neck site.
Here we describe the first large-scale gene expression analysis of the hypopharynx, a localization associated with particularly aggressive behaviour (Genden et al., 2003) . The aim of our study was to identify genes involved in tumorigenesis, as well as gene expression patterns that will distinguish tumours that will metastasize from those that will not. We have identified by microarray analysis genes whose expression differs between tumours and normal tissues, as well as between tumours with similar initial stage and histopathological features but with different clinical outcomes.
Results and discussion
We determined with Affymetrix HG-U95A microarrays the expression profiles of 34 hypopharyngeal cancer samples (including 31 individual tumours, two pools of two and one pool of three additional tumours) and four normal samples (including one pool of seven normal tissues from patients whose tumours are in the tumour pools). A full description of the clinical data, including diagnosis and outcome, is shown in Table 1 . We used three different approaches to analyse the data, in order to identify gene expression signatures of tumorigenesis and metastatic evolution.
Global gene expression profile
The data from 34 hypopharyngeal cancer and four normal samples were filtered to exclude genes with low expression, resulting in a working set of 3962 probe sets (see Materials and methods, Preprocessing of the data).
We were interested to know if there are patterns of gene expression that cluster samples and single out particular subgroups. Unsupervised hierarchical clustering was used to group samples according to similarity in gene expression, without prior knowledge of sample identity and without any gene selection ( Figure 1a ). The four normal (N) samples cluster together, indicating a strong similarity in their expression profiles. The tumour (T) samples are less similar among themselves than the normal samples, as represented by the length of the vertical lines linking them. Cluster analysis can find coherent patterns of gene expression, but provides little information about statistical significance. In order to identify genes that have significant changes in expression, we used significance analysis of microarray (SAM) (Tusher et al., 2001) . In a three-step process of paired comparisons (see Materials and methods), we selected 2377 probe sets that are differentially expressed (DE) between tumour and normal tissues. Unsupervised hierarchical clustering with the SAM selected genes resulted in tighter clustering of the normal samples and clearer distinction from the tumour samples ( Figure 1b) . The expression profiles remained more heterogeneous among tumours than among normal samples. Heterogeneity of expression between tumours can be used for classification (Liu, 2003) .
Chromosomal localization of differentially expressed genes
Genomic aberrations associated with malignant transformation can affect gene expression. Gene expression profiles of cell lines show that chromosomal modifications can lead to regional biases in gene expression (Monni et al., 2001; Phillips et al., 2001) . We searched for similar regional biases with the SAM selected DE genes using three parameters: local density (LD), the normalized relative density (NRD) and the nearest neighbour (NN) score (Materials and methods; Figure 2 ). We first showed that the chromosomal distribution of the total gene set on the microarrays is representative of the distribution of known genes (data not shown), which assured us that there is no underlying bias. We found global high densities of DE sequences on chromosomes 19, 17 and 22 and very low densities on chromosomes 13 and Y (Figure 2 ), which reflects the overall densities of genes on these chromosomes. We can distinguish three groups of chromosomal regions ( Figure 2) , with different LD, NRD and NN score characteristics. The first group, which has the characteristics high LD, high NRD and small NN scores, consists of four chromosomal regions (cytobands 2p23.3, 12q13.12, 22q12.1 and 22q13.1). The high density of small genes in these regions could explain their high LD and NRD with low NN scores. A total of 40 genes are located on the 28th Mb of chromosome HS02 (2p23.3) and 39 on the 57th Mb of HS12 (12q13.12; http://www.ncbi.nlm.-nih.gov/mapview/), which is higher than average (30 genes per Mb). Most of these genes are less than 10 000 base pairs in length. Apparently, the first group distinguishes four regions with numerous small genes.
The second group, which has the characteristics low LD, low NRD and high NN scores, consists of 18 chromosomal regions (only the NN score is visible in Figure 2 ): cytobands 1p36. 33, 2q14.3-q21.2, 2q35, 4q32.3, 5q31.3, 6p25.1, 6p21.32, 6q13, 7p15.3, 7p15.1, 7q22.1, 7q31.1, 7q32.2-q32.3, 9q22.1, 10q26.13-q26.2, 12q23 .3-q24.11, 14q11.1-q11.2 and 16q22.1-q23.1. The Figure 1 Classification of hypopharyngeal cancer by global gene expression profiling. Unsupervised hierarchical clustering of 38 tumour and normal HNSCC samples using 3962 working probe sets with significant levels of expression (a), and 2377 probe sets selected for being differentially expressed between tumour and normal by SAM (b). The dendrogram indicates the degree of relatedness of the samples, the shorter the vertical branch linking two samples, the closer their expression profiles. The light green box surrounds the normal (N) cluster, and orange box the tumour (T) cluster. Gene expression profiles in (b) are represented with a green to red (lower to higher expression) colour scale low density of large genes in these regions could explain the low LD, low NRD and high NN scores (LD and NRD are affected by low gene density, but not the NN score). For example, there is only 1 gene per Mb at 14q11.1-q11.2 (http://www.ncbi.nlm.nih.gov/mapview/). Apparently, the second group points to 18 chromosomal regions with long genes.
Finally, the third group, which has high LD, high NRD and high NN scores, is particularly interesting because it potentially identifies clusters of over-and underexpressed genes. It consists of 17 chromosomal regions (cytobands 1p34.1, 1q21.3, 1q23.1, 3p21.31, 3q27.3, 7q11.22, 12p13.32, 16p13.3, 16q11.1, 17p13.1, 17q21.2, 17q25.3, 19p13.13, 19q13.2, . The strongest clusters of differentially expressed sequences, with the highest LD, NRD and NN scores, are framed with a dotted line in Figure 2 (3q27.3, 17q21.2, Xq28, . Interestingly, four of these regions (all except Xq28) have been shown to have strong DNA copy number gains by comparative genomic hybridization (CGH) in pharyngeal squamous cell carcinoma (PSCC) (Huang et al., 2002) . The correlation is particularly good on chromosome 3. The cluster in 3p21, consisting of a maximal density of underexpressed sequences combined with a high NRD and a high NN score (Figure 2 ), corresponds to low DNA copy number by CGH. On the contrary, the cluster of overexpressed sequences located in 3q27.3 corresponds to high DNA copy number by CGH. Interestingly, þ 3q (gain at 3q) is known to be particularly important for the progression of HNSCC (Redon et al., 2001; Huang et al., 2002) and þ 7q and þ 17q for PSCC (Huang et al., 2002) . Furthermore, þ 11q12-13 is one of the smallest recurrent chromosomal regions with a high-level amplification (Huang et al., 2002) , particularly in hypopharyngeal tumours (Muller et al., 1997) . These results suggest that overexpression is attributable to DNA amplification in these regions. Some of the genes located in these clusters (3q27.3, 17q21.2-q21.31, 7q11.22-22.1 and 11q13.1-q13.3) are known to be involved in tumorigenesis, such as PAI1 and PPFIA1. We were interested in investigating whether 'poorly known' genes with potentially interesting functions in these regions are amplified. We investigated EIF4G1, DVL3, KRT17 and KRT16, EPHB4, MCM7, BRMS1 and SART1 (Table 2) , which Quantitative PCR on genomic DNA showed that EIF4G1 and DVL-3 from 3q27 are amplified (three copies or more) in 5/12 and 6/12 patients, respectively, EPHB4 and MCM7 from 7q22 in 5/12 and 3/12, and BRMS1 and SART1 from 11q13 in 5/12 and 5/12 (Figure 3 ). The two genes from 11q13 were amplified in the same five patients, indicating that the amplification covers at least the 350 000 base pairs that separate these two genes. In contrast, KRT17 and KRT16 from 17q21 were not amplified in the patients analysed, indicating that gene overexpression is not systematically associated with DNA amplification. There are several large-scale studies that compared DNA and RNA levels. About 10% of overexpressed genes were reported to be amplified (Hyman et al., 2002) , whereas about 50% of amplified genes were overexpressed (Hyman et al., 2002; Pollack et al., 2002) . However, in another study, only about 4% of amplified genes were overexpressed (Platzer et al., 2002) . Other approaches to identify amplified genes based on their genomic distribution have been reported, which however did not normalize for gene density (Crawley and Furge, 2002; Kano et al., 2003) . Our approach efficiently highlights genes whose altered expression may result from changes in copy number.
Genes differentially expressed in tumorigenesis
We searched for genes involved in tumorigenesis by comparing gene expression profiles in the four normal and four 'early' tumour samples (Table 1) . The 'early' tumours are small in size, well or moderately differentiated, with no lymph node involvement. In order to select differentially expressed genes, we used SAM, a method for identifying genes with statistically significant changes in expression (Tusher et al., 2001) . In all, 1595 probe sets that are differentially expressed between E and N were selected, of which 136 probe sets (119 unique genes) exhibit a greater than fivefold change (55 genes up in normal and 64 up in tumours; Tables 3 and  4 ). The duplicate probe sets, for the same gene, gave similar results. These 136 probe sets improve the degree of relatedness of the samples compared to the working set of 3962 genes (compare the dendrograms in Figure  4a and b).
Among these differentially expressed genes, there are new or uncharacterized sequences. We verified the differential expression of six of these novel genes with quantitative PCR (Q-PCR) on 12 additional hypopharyngeal tumours and their matching normal samples ( Figure 5 ). There was a very good correlation between the microarray and Q-PCR results. For all six genes, 8-10/12 patients (67-83%) had 42-fold differences by Q-PCR, whereas 27-34/34 (79-100%) had 42-fold differences on the arrays. These results validate the gene profiling approach, identify potential new markers for diagnosis, and new genes for the study of the early molecular changes leading to tumour formation. The potential functions of these novel genes were investigated by comparing them with neighbouring co-clustering genes ( Figure 4c ). AB011112 clusters with two mucins, and a blast analysis defines it as 'transmembrane activator and CAML interactor', but it has not been described in the literature. Y09538 (LIM-domain containing) and AF091087 cluster with unknown sequences (U51712, N74607), a serine protease inhibitor (AJ228139) and an extracellular matrix protein (U68186), raising the possibility that they are involved in extracellular matrix remodelling. Furthermore, the 5 0 part of AF091087 resembles the Xenopus laevis mitotic phosphoprotein 22 (AAM33244). AA418080 clusters with BMP-1, OSF-2, stromelysin 3 and collagen, linking it to the extracellular matrix. M69199, a putative G0/G1 switch protein, clusters with IL-1 beta, GLUT3 and PLOD3, and coincidently IL-1 upregulates GLUT3 in the ovary (Kol et al., 1997) . Finally, the U61836 cluster does not propose a function, but blast analysis suggests that it encodes a polyamine oxidase. The study of these new genes could lead to new diagnosis tools, therapeutic approaches and mechanistic insights.
Some of the genes revealed by our analysis have already been reported to be differentially expressed in HNSCC. We found 12/55 decreased sequences in common with previous studies, and 35/64 increased (Leethanakul et al., 2000; Alevizos et al., 2001; Al Moustafa et al., 2002; El-Naggar et al., 2002; Mendez et al., 2002) (Tables 3 and 4) . Our results correlated very well with these other studies, except for the one that (Alevizos et al., 2001) , in that all of the common genes have the same pattern of expression, suggesting that the strong differences we observe come from epithelial components of the samples. The genes in the 129 gene Figure 3 DNA levels measured by quantitative PCR for eight genes with biased chromosomal distributions that are overexpressed in tumours. DNA from 12 patients was analysed for EIF4G1 and DVL3 in 3q27 (a), EPHB4 and MCM7 in 7q22 (b), BRMS1 and SART1 in 11q13 region (c) and . DNA levels were normalized to the GAPDH control. The normal sample DNA levels were adjusted to a copy number of two, and the relative copy numbers of the tumour samples compared to their matching normal samples are shown Hypopharyngeal cancer transcriptome A Cromer et al set fall into a number of functional classes. Many of the genes overexpressed in tumour are involved in the formation and remodelling of the extracellular matrix, an important process in tumorigenesis (Kerkela and Saarialho-Kere, 2003) . A number of growth and stress response genes are also overexpressed in tumours (Table 4) . Genes with decreased expression are involved in inhibition of proliferation, metabolism, structure and mucous-related. Interestingly, IL-1 is increased and the IL-1 receptor antagonist decreased in tumours, a misregulation associated with predisposition to cancer (Arend, 2002) and abnormal cell proliferation in acute myeloblastic leukaemia (Tao et al., 2000) .
Potential prognostic genes
We selected genes with potential prognostic value by analysing the 30 'late' tumour samples. Since tumour location is an independent predictor of survival, our study included only hypopharyngeal tumours with similar histological characteristics (T1-T4 tumours with lymph node involvement and no metastasis at the time of surgery). Surgical resection was complete for all patients included in this study (evaluated by a pathologist for absence of tumour cells in the resection margins). All the patients received adjuvant treatment by radiotherapy and four also by chemotherapy. The samples were divided into three subtypes according to clinical behaviour 3 years or more after surgery: patient who did not (NM) or did (M) develop metastases, or had local recurrence (LR) within 3 years (see Table 1 ). The data were normalized by singular value decomposition (SVD) (Nielsen et al., 2002) , which eliminates potential bias due to the use of two batches of experiments (see Materials and methods). Unsupervised clustering using the normalized data for the 3962 working gene set distinguished NM or M from normal ( Figure  6Aa and b), but did not distinguish M from NM ( Figure  6Ac ). In order to identify markers of metastatic propensity, genes with different expression patterns between M and NM were selected by two methods. Firstly, 80 probe sets were identified with the Student's ttest (Po0.02). Secondly, 121 probe sets were selected that are differentially expressed at least 1.5-fold in at least half of the samples. The first method selects for homogenous differences, the second for subgroups. Low fold changes could arguably be significant if they arise from relatively few metastatic cells diluted in the tumour mass. Combining the two approaches gives 168 probe sets (164 genes; supplementary table) and 33 common probe sets (32 genes; Tables 5 and 6 ). Clustering with the 168 probe sets defines two groups of samples and correctly assigns 24/26 (92%) of the M and NM tumours ( Figure  6Ba ). We noticed that clustering with the 33 common probe sets of the 24 correctly assigned samples defined a set of six M samples that segregate together (on the right in Figure 6Ca ). It is perhaps worth noting that these patients have a longer overall survival (Table 1) , but the significance of this observation remains to be assessed with additional samples. The biological significance of the 168 probe sets was assessed by adding other samples to the clustering. When the N group is added, it clusters with the NM group (Figure 6Bb ), suggesting that NM tumours could be closer to the normal samples than the M tumours. Similarly, the E samples cluster within NM (Figure 6Bc ), (C20orf16) The rank represents the order of the genes according to the SAM score. Numbers refer to: (1) (6) Villaret et al. (2000) . Genes with underlined references have an opposite expression pattern suggesting that NM tumours could be closer to the 'early' tumours. With LR, 2/4 cluster with NM and 2/4 in a separate subgroup (Figure 6Bd ). Similar results are obtained with the 80, 121 and 33 probe subsets (data not shown). These results raise the possibility that the 164 unique genes (that correspond to the 168 probe sets) may be characteristic of the tumours that will metastasize, but do not seem to be associated with local recurrence. We assigned the 164 unique genes to general functional categories with a gene ontology resource (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc ¼ GPL91). The largest functional group in the poor prognosis M tumours is cell growth and signalling (supplementary  table) , which includes, for example, cyclin D3 involved in cell cycle control. Genes worthy of note include autotaxin, fusin (CXCR4) and IL8. Autotaxin (ATX) is a tumour motility-stimulating protein (Stracke et al., 1992; Umezu-Goto et al., 2002) , which is also angiogenic (Nam et al., 2001) . Fusin has been implicated in metastasis in prostate cancer, neuroblastoma, ovarian cancer and melanoma (Geminder et al., 2001; Murakami et al., 2002; Taichman et al., 2002) . IL-8 contributes to carcinoma cell invasion in the colon, breast and oral cavity (Youngs et However, only one out of three genes that are in common with another HNSCC study falls into a potentially related category (visinin-like 1 is up in NM, and both ribophorin II and hypothetical protein FLJ10097 are up in M, whereas all three are in the 'better predictor of outcome' group; Belbin et al., 2002) .
We investigated whether we could predict if a tumour is M or NM, using a leave-one-out strategy. We were unable to predict correctly the subgroup of all the samples (data not shown). We found that the number of samples analysed is important for prediction accuracy. Using five M and five NM samples (microarray batch 1) for training and selecting genes, and using the remaining six NM and 10 M (microarray batch 2) for blind validation, we Figure 5 Differential expression in HNSCC of six poorly characterized sequences. The N/T ratio for underexpressed (a-c) and the T/N ratio for overexpressed (d-f) sequences are shown. The graphs on the left show the fold changes observed on the microarrays (normalized to the average of the normal samples), and the graphs on the right the fold changes observed by Q-PCR on hypopharyngeal samples from additional patients. Expression levels are normalized to ubiquitin, and fold changes are relative to the matching normal samples correctly predicted 62% of blind samples. In the converse experiment, with more samples for training, the prediction was improved to 80% (supplementary figure) . A total of 98 breast tumours were needed to generate a predictive signature (van't Veer et al., 2002 ). An analysis of a larger collection of tumours will be needed to establish whether or not a useful predictive signature can be identified for hypopharyngeal carcinoma.
Conclusion
We have found a pattern of gene expression that distinguishes hypopharyngeal tumours from related normal tissue. In addition, our study has revealed new uncharacterized sequences implicated in tumour formation. In a parallel large-scale differential display analysis of hypopharyngeal cancer, 1200 sequences were identified that differ in expression between tumour and normal (data not shown; Lemaire et al., 2003) . In all, 223 are common between the two studies, indicating that the two approaches are not redundant. Chromosomal aberrations have been shown to occur in HNSCC. We have identified six new genes that are amplified as well as overexpressed in hypopharyngeal carcinoma, using a new analysis method based on genomic clustering of overexpressed genes. Our study has defined a set of 164 genes that classify similar histological and clinical tumours with different outcome on the basis of expression levels. This signature is an 'indicator' but not a 'predictor' of HNSCC outcome, since the number of samples is not sufficient to crossvalidate the data set. Many of these sequences are still uncharacterized and could be major determinants of the capacity to metastasize. They could contribute to the prediction of whether a patient with hypopharyngeal cancer will develop metastases. 
Materials and methods

Tissue samples
Primary tumour samples were obtained, with informed consent, from 38 patients undergoing surgery for hypopharyngeal tumours as a primary treatment without previous radiation or chemotherapy. A tumour fragment was taken near the advancing edge of the primary tumour (avoiding its necrotic centre), immediately frozen and stored in liquid nitrogen. The rest of the tumour was fixed in 6% buffered formaldehyde and embedded in paraffin for histopathological analysis. Tumour fragments were composed of at least 70% cancer cells, as assessed on adjacent histological stained sections. The TNM system of the UICC was used for tumour-node-metastasis staging (Sobin and Fleming, 1997) . Tumours were classified into two groups: 'early' stage tumours (T1-T2), without lymph node involvement following histological examination of cervical lymph node sections, and 'late' stage tumours (mainly T2-T4), with lymph node involvement. None of the patients presented distant metastasis at the time of surgery. After surgery, all of the patients received adjuvant radiotherapy (RX) and four of them radiotherapy combined with chemotherapy. 'Late' tumours were subdivided into no metastatic (NM), metastatic (M) and local recurrence (LR) 'propensity' according to clinical outcome during a 3-year follow-up (Table 1) . Normal samples were collected from the farthest margin of resection (usually uvula) from eight patients (seven were pooled). Normal uvula was also obtained from two nonsmokers, without cancer history, treated by uvulopalato-pharyngo-plasty for obstructive deep apnoea syndrome. The surface epithelium of the latter samples was macrodissected, to enrich for epithelial tissue. Total RNAs were extracted using the RNAeasy* kit (Qiagen, France) with DNAseI treatment. The quality of the RNA preparation was examined by agarose gel electrophoresis.
Hybridization
Gene expression profiles were analysed using Affymetrix HG-U95A microarrays containing probe sets representing B12 650 distinct transcription features. cDNA synthesis, cRNA synthesis and labelling, as well as array hybridization, were performed as described in the Affymetrix user's manual (Affymetrix, Santa Clara, CA, USA) using 5 mg of total RNA. The T7 RNA polymerase promoter was incorporated in the first round of double-stranded cDNA synthesis. This cDNA was used for in vitro transcription with the ENZO BioArray High Yield IVT kit, to amplify the RNA and incorporate the biotinylated ribonucleotides required for staining after hybridization. The yield and quality of the cRNA was checked by spectrophotometry and capillary electrophoresis using the Agilent 2100 Bioanalyser and RNA 6000 LabChip kit (Agilent technology). A measure of 10 mg of fragmented, biotinylated cRNA was hybridized to the Affymetrix arrays at 451C for 16 h, as described in the Affymetrix user's manual. Washing and staining of arrays were performed using the GeneChip Fluidics Station 400, and scanning with the Affymetrix GeneArray Scanner.
Preprocessing of microarray data
Acquisition and quantification of array images as well as primary data analysis were performed using the Microarray Suite v5.0 and Data Mining Tool v2.0 Affymetrix software packages. Microsoft Excel was used for further statistical analyses. All arrays were globally scaled to a target value of 800, using the average signal from all gene features and Microarray Suite v5.0. The data set was filtered for low expression values prior to statistical analysis. Genes exhibiting mean values under an arbitrary threshold value of 650 (half of the mean value of all genes and all chips) among all 38 experiments were eliminated, leaving 3962 working probe sets, which can be considered to be expressed genes. The samples were analysed in two hybridization batches, which are shown in Table 1 . For the NM versus M comparison (Results, Potential prognostic genes section), the results from two experiments with different batches of microarrays were normalized by SVD (Alter et al., 2000) , using the Matrix and Linear Algebra package for Excel v1.1 (available at http:// digilander.libero.it/foxes/index.htm). SVD linearly transforms the expression data from the gene and array matrix to a condensed 'eigengene' and 'eigenarray' representative matrix. A unique eigengene was identified that correlated the best with the two array batches. The influence of this eigengene and its corresponding eigenarray was subtracted from all the data (Nielsen et al., 2002) .
Hierarchical clustering
We applied a hierarchical clustering algorithm to the samples and genes. The algorithm organizes all the data elements into a single tree. We mean-centred genes and arrays and used complete linkage clustering (cluster and tree-view at http:// rana.lbl.gov/EisenSoftware.htm; Eisen et al., 1998) . In the dendrograms, shorter branches connect more similar samples. The red to green colour scale represents the mean-adjusted expression values, where red corresponds to higher and green to lower expression.
Supervised gene selection
To compare tumour (T) and normal (N) patient samples, we used the Significance Analysis of Microarrays add-in to Microsoft Excel (Tusher et al., 2001 ; http://www-stat.stanford.edu/Btibs/SAM/index.html). The genes were selected with SAM's default parameters and no minimum fold change to englobe the largest significant set of differentially expressed genes. Comparison of E against N results in 1595 significant probe sets, M against N in 1587 and NM against N in 1590, resulting in a total of 2377 unique probe sets. To refine the E versus N comparison, we selected 136 probe sets (119 unique genes) that have an E/N or N/E ratio greater than 5. Genes differentially expressed between NM and M patients were selected by two methods. Firstly, the t-test (Po0.02) identified 80 probe sets (79 genes). Secondly, 121 probe sets (118 genes) were selected that, for at least half of the samples of the subtype, exhibit a signal ratio of more than 1.5 between the individual samples and the average of the opposite tumour subtype, but never in the opposite subtype. This gave a combined working set of 168 probe sets (164 unique genes).
Bioinformatics
Bioinformatics analysis was performed using the Gscope bioinformatics platform (Ripp et al., in preparation) dedicated to managing large collections of protein or nucleotide sequences. A five-step protocol was used to localize the Affymetrix sequences on the human genome and to analyse their chromosomal distribution. Firstly, 12 448 Affymetrix sequences were automatically located on the human genome using BLAST (Altschul et al., 1997) . Secondly, the local densities (LD) of Affymetrix sequences per million base pairs (Mb) were calculated. Thirdly, these densities were related to the number of Affymetrix sequences per chromosome. These relative densities were normalized in relation to relative density in known genes in the human genome of reference (ftp:// ftp.ncbi.nih.gov/genomes/H_sapiens) as following: NRD ¼ [(NAffySeq per Mb)/(NAffySeq per chromosome)]/[(NgenesNCBI per Mb)/(NgenesNCBI per chromosome)] Â 100, where NRD is the normalized relative density, NAffySeq number of Affymetrix sequences, Mb million base pairs and NgenesNCBI ¼ number of genes known at NCBI. Fourthly, our analysis focused on the 2377 differentially expressed (DE) Affymetrix sequences selected by SAM (see above). Redundancy introduced by multiple probes mapping to the same gene was eliminated, leaving 2037 unique sequences. In addition to LD and NRD, we studied the neighbourhood of the DE sequences. For each of the 2037 DE sequences, the six neighbouring Affymetrix sequences on either side were identified. Out of these 12 sequences, the number of DE sequences was counted to obtain a nearest neighbours (NN) score. Fifthly, the functions of the 2037 DE sequences were established by automatically searching protein data banks. 0 . DNA levels were measured in two independent experiments, normalized to GAPDH DNA levels, and the matching normal samples were normalized to represent two DNA copies.
Quantitative PCR on cDNA
Total RNAs from matching tumour and normal samples from individual patients were extracted using the RNAeasy kit (Qiagen). First-strand cDNA was synthesized with 1 mg of RNA in 20 ml of a reaction mixture containing 0.3 mg of hexanucleotide primers (Boehringer-Mannheim), 200 U of Superscript II RNase H reverse transcriptase (Invitrogen) and 40 U of RNasin (Promega), dNTP and buffer. The mixture was incubated at 421C for 50 min and then heated to 951C for 10 min. A measure of 2 ml of a 1/25 dilution of the reverse transcriptase reaction was used for PCR amplification with Sybr Green and the Lightcycler (Roche Molecular Biochemicals). Oligonucleotide primers were designed to cross exon/exon junctions with primer3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). 0 -GCTTTGTTGGGTGA-GCTTGT-3 0 and 5 0 -CGAAGATCTGCATTTTGACCT-3 0 . Gene expression levels were measured in two independent experiments and normalized to ubiquitin expression levels.
